Nonradioactive slot blot hybridization assays were established for the detection of porcine parvovirus (PPV), using either a digoxigenin-labeled DNA probe or a biotinylated RNA probe. All probes were prepared from a 3.3-kb Pst1-EcoR1 DNA fragment of the NADL8 isolate of PPV. The sensitivity and specificity of the probes in a slot blot system were evaluated in comparison with a 32 P-radiolabeled RNA probe. Using an anti-digoxigenin alkaline phosphatase detection system, at least 1 ng of viral replicative form (RF) DNA, or the equivalent of 100 plaque forming units (PFU) of infectious virus, could be detected by the digoxigeninlabeled DNA probe. When the biotinylated RNA probe and a strepavidin-alkaline phosphatase detection system were employed, 0.1 ng of RF DNA, or the equivalent of 10 PFU of infectious virus, were detected, comparable to the sensitivity of the 32 P-radiolabeled RNA probe. Hybridization was not observed with control DNA samples extracted from swine testicle cells, porcine kidney (PK-15) cells, uninfected mixed swine fetal tissue, or from an unrelated DNA virus (pseudorabies virus) infected PK-15 cells. Different isolates of PPV, namely NADL8, NADL2, KBSH, and Kresse, reacted on an equimolar basis in sensitivity and specificity to the biotinylated probe. Extraction of DNA directly on the filter membrane (direct filter hybridization) was employed in an attempt to reduce processing time by eliminating DNA extraction steps. Direct filter hybridization was indeed less time consuming; it was also comparable in sensitivity and specificity to those methods employing purified DNA.
Porcine parvovirus (PPV) causes reproductive failand shelf life . 1, 7, 10, 14, 17, 22 The purpose of the study reure in swine, 11, 15 characterized by fetal death and mumported here was to evaluate 2 nonradioactive hybridmification. Identification of viral antigens by immuization assays for detection of PPV: a digoxigenin-lanofluorescent microscopy and detection of viral beled DNA probe and a biotin-labeled RNA probe. hemagglutinin have been utilized as techniques for the The results are compared with those of a 32 P-radioladiagnosis of PPV infection. 12, 13, 16 Such techniques have beled RNA probe. Additionally, procedures were debeen effective for detecting the presence of PPV in veloped for direct filter hybridization, eliminating the clinical samples in the absence of antibody. Serological requirement for DNA extraction. assays, such as hemagglutination inhibition, have also been employed for the diagnosis of PPV infection by Materials and methods the detection of antibodies in late-term gestation fetuses. l2 To improve the sensitivity of the virus detection from clinical samples containing antibody or samples with low concentration of virus, an alternative sensitive method is needed.
Nucleic acid hybridization has been developed and has far ranging applications for routine analysis of virus, including herpesvirus, 2, 8, 14, 22 picornavirus, 4, 5, 17, 23 adenovirus, 10, 26 papilloma virus, l African swine fever virus, 25 and parvovirus infection, 3, 7, 21 in clinical samples. Hybridization techniques have been primarily based on systems employing radiolabeled probes. The development of a nonradioactive probe system for the detection of PPV was proposed because of several advantages over radiolabeled probes, such as safety, cost, Virus samples. Virus stocks were prepared for each of the PPV isolates as follows 9, 19 ; swine testicle cells (ST) were inoculated with one of 4 virus isolates of PPV (NADL8, NADL2, KBSH, or Kresse) at a multiplicity of infection (m.o.i.) of 0.01. Following 72 hr of incubation, infected cells were scraped and centrifuged to pellet the cells. Cell pellets were resuspended in 1/100 volume of 50 mM Tris HCl (pH 8.7) and 25 mM ethylenediaminetetraacetic acid (EDTA) (TE buffer) and subjected to 3 cycles of freezing and thawing. Cellular debris were pelleted. The final supernatant was quantitated for infectivity (see below). Pseudorabies virus (PRV) stocks were prepared from Shope strains-infected porcine kidney (PK-15) cells. Infected cells were scraped, and the culture fluid was subjected to 3 cycles of freezing and thawing. Cells were lysed and pelleted; the supernatants were removed and used as virus stocks. Supernatants from mock infected ST cells were used as controls.
Experimental inoculation of PPV in swine fetuses. Inoculation was performed as described previously. 6, 19 Pregnant sows, at approximately 35-40 days of gestation, were laparotomized, and swine fetuses were inoculated in utero with either PPV or mock infected cell culture fluids. Ten to 15 days later, the sows were sacrificed, and the entire uterus of each sow was collected. Internal tissues and organs, including lung, heart, liver, kidney, spleen, stomach, and intestine, from each fetus were pooled and minced in TE buffer (pH 8.7). After freezing and thawing, the supernatant was clarified by centrifugation. The clarified supernatant was subjected to DNA extraction and partial purification before being applied to a membrane; alternatively, some supernatants were applied directly to membranes as part of direct filter hybridization (see below).
Virus titration. Virus titration by indirect immunofluorescence assay (IFA) was adapted from procedures described previously. l9 Virus stocks were diluted IO-fold and inoculated onto 50-60% monolayers of ST cells grown on a 12well tissue culture glass slide. a After 24 hr incubation at 37 C, cells were fixed in methanol : acetone (50:50, v/v). Rabbit anti-NADL8-PPV antisera, diluted 1:25 in phosphate buffer and saline (PBS), pH 7.4, was added to fixed cells and the solution incubated at 37 C for 60 min. Cells were then washed and a secondary antibody (1:50 dilution of 1 mg/ml solution of goat anti-rabbit IgG-fluorescein isothiocyanate b ) was added and the solution incubated for 30 min. Fluorescein plaques were observed under a fluorescent microscope. Infectivity titers were expressed as PFU/unit volume.
Virus antigen. Viral antigen concentrations were determined by hemagglutination (HA) of guinea pig red blood cells. 12 Virus stocks were diluted 2-fold, 0.6% of guinea pig red blood cells were added, and, after 60 min incubation at room temperature, the HA titers were read and expressed as the reciprocal of dilution/unit volume. Viral DNA preparation. Methods for the extraction of PPV DNA and other control DNA from cells were described previously. 9, 20 Cells were lysed with an equal volume of sample buffer (20 mM Tris HCl [pH 7.4], 20 mM EDTA, 1.0% sodium dodecyl sulfate [SDS]). After phenol/chloroform extraction and ethanol precipitation, samples were treated with proteinase K c (200 µg/ml) followed by RNase c (50 &ml). The pellet was resuspended in 100 µl TE buffer (10 mM Tris HCl, 1 mM EDTA [pH 8.0]). A modified Hirt procedure was followed for purification of PPV-replicative form (RF) DNA. 24 DNA extracts were processed for hybridization as follows: an equal volume of 0.6 N NaOH was added and incubated at 60 C for 30 min to denature the DNA. Ammonium acetate (2 M) was then added, and the samples were transferred to one of the testing membranes d,e,f,g using a slot blot apparatus. d For the nylon membranes, 3-min exposure of UV light was employed to cross-link the DNA to the membrane. For nitrocellulose membranes, DNA samples were fixed on the membrane by baking the membrane in a vacuum oven for 1-2 hr at 80 C. 32 P-radiolabeled RNA probes. A 3.3-kb Pst1-EcoRl fragment of duplex RF DNA of the NADL8 strain of PPV was cloned into the pSP64 plasmid vector and used as a template for in vitro transcription by SP6 RNA polymerase h in the presence of 32 P-GTP. e 9 The RNA transcripts were used as probes after digestion of the DNA template with DNase c (at a final concentration of 1 U/µg) and phenol/chloroform/ethanol precipitation to remove unincorporated labeled nucleo-tides. Specific activities of radiolabeled probes ranged from 1 x 10 7 to 1 x l0 8 cpm/µg of RNA.
Digoxigenin-labeled DNA probes. A recombinant pBR 322
plasmid containing the same 3.3-kb PPV Pst1-EcoRl DNA fragment was the vector for maintaining PPV DNA. The 3.3kb viral DNA fragment was gel purified by electroelution, and the recovered DNA served as a template in randomprimed DNA labeling in the presence of digoxigenin-dUTP. i Unincorporated labeled nucleotides were removed by ethanol precipitation. The DNA concentration was determined by absorbance at 260 nm. j Biotin-labeled RNA probes. The biotinylated RNA probe was prepared using the same plasmid used in the preparation of 32 P-radiolabeled RNA probe. Labeled transcripts were produced by in vitro transcription by SP6 RNA polymerase h in the presence of biotin-11-UTP. k The RNA transcripts were utilized as probes after digestion of the DNA template with DNase (final concentration of 1 U/µg) and ethanol precipitation to remove unincorporated nucleotides. c The RNA probe concentration was also determined by absorbance at 260 nm. j Hybridization and DNA detection. To optimize the hybridization assay for each system, different types of membranes and stringency conditions were evaluated. In the 32 P-radiolabeled RNA probe system, prehybridization was performed at 42 C for 6 hr in solution containing 50% formamide, 5 x standard saline citrate (SSC), 50 mM sodium phosphate (pH 6.5) 1 x Denhardt solution (0.02% polyvinylpyrrolidone, 0.2% bovine serum albumin, 0.2% Ficoll), 0.1% SDS, 250 µg yeast RNA/ml, and 100 µg salmon sperm DNA/ ml. Hybridization was then performed by incorporating the 32 P-radiolabeled RNA probes into the same solution at 42 C overnight in the presence of 10% dextran sulfate. After hybridization, the membranes were washed 3 times with 2 x SSC and 0.1% SDS, followed by 3 times with 0.2 x SSC and 0.1% SDS, all at 66 C, for 15 min each. For the biotinylated RNA probe system, prehybridization was performed either at 42 C in the same solution as in the radioactive system (50% formamide and 5 x SSC, a moderately high stringency condition) or at 37 C in the same solution except no formamide and 2.5 x SSC (a low stringency condition). Hybridization was carried out in the presence of 250 ng/ml of biotinylated probes and 5% dextran sulfate in the prehybridization solution. Washing was performed 3 times in 2 x SSC and 0.1% SDS, followed by 3 times in 0.2 x SSC and 0.1% SDS at room temperature for 5 min each and 2 times in 0.2 x SSC and 0.1% SDS at 55 C. In the digoxigeninlabeled DNA probe system, prehybridization and hybridization were performed in the presence of 50 ng/ml of probes with either of the 2 stringency conditions mentioned above. Washing procedures were applied as described by the manufacturer.' For the colormetric detection of digoxigenin-labeled probes, anti-digoxigenin-alkaline phosphatase (AP) conjugate was added, followed by substrate solution as described in the specifications of the manufacturer. In the case of biotinylated RNA probes, a biotin detection system, 1 containing strepavidin-AP conjugate and substrate solution, was employed. For detection of PPV using radiolabeled probes, after washing, membranes were exposed to an X-ray film with an intensifying screen for 18 hr. Relative densities of the color developed in the nonradioactive hybridizations were analyzed by scanning densitometer m at a wavelength of 633 nm. The area under the peak (mm 2 ) was divided by a factor of l0 3 and expressed as relative density units. Results were graphed plotting relative density against DNA concentration as determined by spectrophotometry from a known concentration of purified PPV RF DNA.
Direct jilter hybridization. Direct filter hybridization, denaturation of the cell samples directly on the filter membrane, was performed to eliminate the requirement for extraction of DNA by phenol/chloroform and to minimize the time necessary to perform the assay. The procedure for PPV direct filter hybridization was adapted from that described for B 19 parvovirus from sera or clinical specimens. 7, 21 Stock virus from infected ST cells (10 6 PFU/ml) or from swine fetal tissue experimentally infected with PPV were diluted lo-fold with 2 x SSC. An equal volume of 1 M NaOH and 2 M NaCl was added and the mixtures were incubated at room temperature for 10 min. The mixtures were then transferred to the nitrocellulose membrane, followed by neutralizing in 1 M Tris HCl (pH 7.0) and 2 M NaCl. The membrane was baked in the vacuum oven for 2 hr at 80 C, immersed in 10 mM Tris HCl (pH 7.4), 5 mM EDTA, and 0.5% SDS at 25 C for 10 min, and transferred to the same solution containing 400 µg/ ml proteinase K. After incubation with shaking at 37 C for 1 hr, the membrane was washed 3 times in 2 x SSC for 5 min each with shaking. Prehybridization and hybridization steps were performed as described above.
Results
Both the DNA and RNA PPV probes in this experiment were prepared from a 3.3.kb Pst1-EcoRl fragment of duplex RF DNA of the NADL8 isolate of PPV cloned into either pBR322 or pSP64 plasmid vectors. This inserted viral DNA represented 66% of the PPV genome, spanning both of the structural and nonstructural protein coding regions. The DNA was labeled for use as probe with 32 P-GTP or nonradioactivity with the steroid hapten digoxigenin-dUTP or biotin-UTP.
A number of parameters were evaluated to optimize the detection system, i.e., type of membrane and stringency condition. For the digoxigenin-labeled DNA probe and the 32 P-radiolabeled probe, a nylon membrane d was chosen based on the practical handling, the sensitivity, and the reduced background. For the biotinylated RNA probe system, a nitrocellulose membrane g was preferred based on the same criteria. For both the digoxigenin-labeled DNA probe and the biotinylated RNA probe, the optimum hybridization conditions were the moderately high stringency conditions (42 C, 5 x SSC, 50% formamide).
The sensitivity and specificity of each nonradioactive probe was compared with that of the 32 P-radiolabeled probe. Target DNA's included purified RF PPV DNA, in vitro or in vivo PPV-infected-cell extracted DNA, and a number of control DNA's. The digoxi- genin-labeled DNA probe could detect at least 1 ng of viral RF DNA, and the biotinylated RNA probe could detect 0.1 ng of RF DNA, identical to the sensitivity of the 32 P-radiolabeled probe (Fig. la) . Relative densities, as indicated by each of the 2 nonradioactive probes, were determined, and the data were used to construct a calibration curve with known concentrations of RF DNA (Fig. lb) . When the probes were hybridized to DNA from PPV-infected ST cells, the equivalent of 100 PFU was detected by the digoxigenin-labeled DNA probe (Fig. 2) . The minimal infectious virus from which DNA was extracted and detected by both biotinylated and 32 P-radiolabeled RNA probes was at the level of 1-10 PFU. Similar sensitivity was observed for DNA extracted from PPV-infected swine tissues.
To evaluate whether the biotinylated RNA probe was able to equally hybridize to different isolates of PPV, DNA from 4 isolates of PPV was extracted from virus-infected ST cells, and dilutions were transferred onto a nitrocelluose membrane. The biotin-labeled RNA probe was able to hybridize to all 4 isolates at similar sensitivities (Fig. 3) .
To confirm the sensitivity of the hybridization assay and to compare it with the methods currently employed for PPV diagnosis, immunofluorescence and hemagglutination were conducted along with the slot blot hybridization, using the biotinylated RNA probe. Target DNA's were dilutions of NADL8 stock virus propagated in ST cells (approximately 10 4 to 1 PFU). The minimal level detected by immunofluorescence was 1.0 x 10 2 PFU/10, µl, whereas the lowest HA titer detected was 16/50, µl from the same sample dilution ( Table 1) . The lowest detectable level of hybridization (as determined from the calibration curve) was 0.07 ng/10, µl, which indicated that the hybridization assay was divided by a factor of 10 3 and expressed as a relative density unit. The relative density was plotted against DNA concentration (ng/ 10 µl) as determined by spectrophotometry. was at least 10 times more sensitive than the other 2 methods.
To reduce the time required for the hybridization protocol using extracted DNA samples, a direct filter hybridization method was evaluated. In direct filter hybridization, the samples were denatured directly on the membrane. As shown in Fig. 4 , the equivalent of 10 PFU of infectious virus was detected, identical to the detection level of the extracted and purified PPV DNA. Furthermore, the biotinylated probe did not show nonspecific signals in the direct filter hybridization.
Discussion
In this study, we have applied DNA-DNA and RNA-DNA hybridization for the detection of porcine parvovirus. The results demonstrate that use of the Pst1-EcoRl fragment can provide a highly specific probe that does not hybridize to host cell DNA or unrelated virus. The sensitivity of the dilution system was 0.1 ng of purified PPV RF DNA or the equivalent of 10 PFU of PPV-infected cell culture material. The hybridization assay was more sensitive than other conventional methods included in this study, such as im- munofluorescence or hemagglutination, by 1 log 10 . Several situations can be envisioned where nucleic acid hybridization may provide valuable information not obtainable by other methods, especially where minimal infectious virus is present in clinical samples, such as decomposed fetal tissue, or perhaps complexed to antibody where the virus may not be detected by immunofluorescence or hemagglutination assays.
B-RNA Probe
We favor the use of single-stranded RNA probes because RNA transcripts can readily be generated in large quantities from strong RNA polymerase promotors. A single RNA transcription reaction may yield up to 20 µg of RNA from 1 µg of plasmid DNA. 7 In addition, the plasmid template DNA can be eliminated using DNase. Furthermore, RNA/DNA hybrids are more stable than DNA/DNA hybrids. In preparing RNA probes, there is no requirement to purify the insert from the plasmid, which is in contrast to preparing DNA probes. No cross-hybridization was observed when plasmid vector alone was incubated with the RNA probe. The digoxigenin-labeled DNA probes were found to be less sensitive than the radiolabeled and biotin-labeled RNA probes by 1 log of virus.
Although it is always useful to evaluate probes for detection limits, the radiolabeled probes used for this purpose (i.e., 32 P-radiolabeled probe) are not suitable for routine use because of their short half life (about 14 days), the facilities required for handling of radio-active isotopes, and the potential radiation exposure hazard. Biotinylated probes provide reagents with long shelf lives, and minimal facilities for storage and handling are required. The assay using these probes is easy to perform, rapid, and there is no irradiation hazard. The slot blot hybridization assays using biotin-labeled RNA PPV probes had a high degree of sensitivity and 
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Direct filter hybridization for detecting PPV from in vitro or in vivo infected cells. Stock virus from infected ST cells were diluted lo-fold (infectivity from 10 3 to 10 -l PFU, lanes 1-5) and alkali treated before transferring onto the membrane. The membrane was proteinase-K treated, and hybridization was performed (see Materials and methods) with a biotinylated RNA probe. Dilutions of experimental PPV-infected mixed swine fetal tissue (MFT+ 10 -l -MFT + 10 -5 , lanes 6-10) were included. Negative controls consisted of uninfected ST cells (ST) and uninfected mixed swine fetal tissue (MFT-). specificity comparable to assays using a 32 P-radiolabeled RNA probe. Selected studies have shown a higher degree of sensitivity 7, 10, 14 in other virus systems compared with that described here for PPV. This may be explained based on probe concentration, color developing times, or autoradiographic exposure times. Because the RF DNA utilized in evaluation of sensitivity is a semipurified preparation, some contaminated cellular DNA is included in the DNA concentration determination. Thus, the sensitivity limits may in fact be lower than calculated here. Nevertheless, the hybridization conditions described in this paper are more than sufficient for routine detection of PPV in clinical samples or cell cultures.
In diagnostic assays, the time required for completion of the test is often critical. In a hybridization assay, one of the time consuming steps involves nucleic acid extraction from the specimens. The elimination of this step was accomplished by denaturing the specimens directly on the filter membrane. This method for detecting PPV was comparable in sensitivity and specificity to the method using extracted DNA. Similar methods have been employed to detect the presence of at least two other viruses. 2, 14 The entire assay can be performed within 2 days. However, several steps have been suggested to further shorten the time, such as microwave treatment of the filters for 2 minutes instead of baking of the filters for 1-2 hours or reducing the prehybridization step to 15 minutes. 10 Improvements in sensitivity have also been achieved by use of sandwich hybridization 26 and use of synthetic oligonucleotide probes. 4, 18 Hybridization assays, using nonradiolabeled probes, will have an important role to play in routine diagnosis of PPV from clinical specimens. The assays can also be used to screen cell lines for PPV contamination, especially when a swine origin trypsin product is employed. In summary, nonradioactive nucleic acid hybridization is a useful tool and lends itself to applications in the diagnostic laboratory.
